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Summary
The parallel alignment of stiff cellulose microfibrils in plant-
cell walls mediates anisotropic growth [1, 2]. This is largely
controlled by cortical microtubules, which drive the inser-
tion [3, 4] and trajectory of the cellulose synthase (CESA)
complex at the plasma membrane [5–7]. The CESA interac-
tive protein 1 (CSI1) acts as a physical linker between
CESA and cortical microtubules [8–10]. Here we show that
the inflorescence stems of csi1 mutants exhibit subtle
right-handed torsion. Because cellulose deposition is
largely uncoupled from cortical microtubules in csi1, we
hypothesize that strictly transverse deposition of microfi-
brils in the wild-type is replaced by a helical orientation of
uniformhandedness in themutant and that the helicalmicro-
fibril alignment generates torsion. Interestingly, both elastic
and viscous models for an expanding cell predict that a net
helical orientation of microfibrils gives rise to a torque [11,
12]. We indeed observed tilted microfibrils in csi1 cells,
and the torsion was almost absent in a csi1 prc1 background
with impaired cellulose synthesis. In addition, the stem tor-
sion led to a novel bimodal and robust phyllotactic pattern
in the csi1 mutant, illustrating how growth perturbations
can replace one robustmathematical patternwith a different,
equally robust pattern.Results
csi1 Exhibits a Novel Phyllotactic Pattern due to
Postmeristematic Defects
InArabidopsis, organ position follows a stereotyped pattern of
phyllotaxis with a divergence angle near 137 that can be
observed in the shoot apical meristem and also postmeriste-
matically, when measuring the angles between successive si-
liques along the inflorescence stem (Figure 1A). In contrast to
wild-type, where the angles between successive siliques fluc-
tuated around a value of 137 (for a representative sequence,
see Figure 1B, left panel), the distribution of angles was noisier
in csi1-7, and two types of phyllotaxis coexisted, with a domi-
nant divergence angle near either 180 or 90, depending on4These authors contributed equally to this work
*Correspondence: persson@mpimp-golm.mpg.de (S.P.), olivier.hamant@
ens-lyon.fr (O.H.)each individual plant (for representative sequences, see Fig-
ure 1B, center and right panels). Strikingly, the dominant
180 angle was associated with plants in which successive si-
liques appeared in a counterclockwise order (n = 14 plants; i.e.,
398 divergence angles) (Figure 1C), whereas the dominant 90
angle was associated with the plants in which successive si-
liques appeared in a clockwise order (n = 21 plants; i.e., 546
divergence angles) (Figure 1C; see also Supplemental Experi-
mental Procedures available online). To confirm these results,
we measured the pattern of phyllotaxis along the stem of
another csi1 allele, csi1-1, andwe found the same bimodal dis-
tribution as in csi1-7 (see Figure 3E, left panel).
We then investigated how such phyllotactic patterns could
emerge in the csi1mutant. Because the shoot apical meristem
is the site where the position of new organs is determined, we
first analyzed organ initiation in the meristem using the
pLFY::GFPi line, an early reporter of organ identity [13]. Based
on the GFP signal and position of organ bumps in the meri-
stem, we found that successive organs (ordered by size) fol-
lowed a normal spiral phyllotaxis, separated by an angle of
circa 137, in both wild-type (Figure 1D; Figure S1A) and
csi1-7 (Figure 1E; Figure S1B). This is consistent with previous
observations showing that the pattern of organ initiation is not
affected 2 days after microtubule depolymerization [14] and
strongly suggests that the initial phyllotactic pattern can be
uncoupled from cellulose deposition guidance in themeristem
even in the long term. This also indicates that the two original
patterns displayed by the siliques on csi1-7 stems are the
consequence of a late postmeristematic event.The Phyllotactic Defects Observed in csi1 Are due to Stem
Twisting
In csi1-7 stems, we observed a subtle right-hand twisting that
appeared in the rapidly elongating part of the stem (Figure 2A).
Based on the orientation of cell files in the epidermis of
different internodes (i.e., the stem portion between two suc-
cessive organs), we measured a mean right-hand torsion of
2.8 in csi1-7 (n = 1,200; i.e., 15 cell filesmeasured in 4 different
internodes on 20 stems) (Figure 2B; Figure S2B, Table S1, and
Supplemental Experimental Procedures). Next, we investi-
gated whether the particular arrangement of organs in csi1-7
could be explained by this torsion. Based on a trigonometric
representation of the stem, we related the stem torsion
(measured by the rotation angle t) to the value of the apparent
torsion of the epidermis (measured by the torsion angle a), the
radius of the stem (r), and the length of the internode (l) in
Equation 1 (Figure 2C).
t=
l tanðaÞ
r
(Equation 1)
Based on this equation, we can make two predictions. First,
longer internodes should have a larger impact on the diver-
gence angle. In particular, because the stem torsion is right
handed, divergence angles should increase in counterclock-
wise phyllotaxis and decrease in clockwise phyllotaxis. As ex-
pected, and despite some noise in the sequences, we
observed a direct correlation between internode length and
Figure 1. csi1-7 Exhibits a Novel Phyllotactic Pattern
(A–C) Postmeristematic phyllotaxis in wild-type and csi1-7. (A) The stem of wild-type (Col) and csi1-7 show an arrangement of siliques following a Fibonacci
spiral for the WT (left) and either an alternate pattern (center) or a non-Fibonacci spiral (right) in csi1-7 (scale bars represent 1 cm). (B) Angle of divergence
between successive siliques on single stems shows oscillations around 137 in wild-type and of 180 and 90 for counterclockwise and clockwise csi1-7
stems, respectively. (C) Heatmap distribution of the frequency of the (dn, dn+1) pairs of successive angles shows a peak at 137
 for the wild-type (34 plants,
n = 1,191) and two equivalent peaks around 90 and 180 for csi1-7 (35 plants, n = 945).
(D and E) Phyllotaxis in wild-type (D) and csi1-7 (E) shoot apical meristems. Left panel: pLFY::GFPi expression pattern in wild-type and csi1-7meristems is
shown, marking the sites of new organs (scale bars represent 50 mm). Right panel: Heatmap distribution of the frequency of the (dn, dn+1) pairs of successive
angles between the primordia ordered by size and following the phyllotactic pattern shows an equivalent peak at 137 for both wild-type (n = 190, 30
meristems) and csi1-7 (n = 355, 55 meristems).
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896divergence angle in counterclockwise stems and an anticorre-
lation for clockwise stems (Figure 2D).
Assuming that Equation 1 is sufficient to explain all of the
phyllotactic defects, we reasoned that the apparent diver-
gence angles (d) should be obtained solely based on stem
rotation angle, as:
d = 137 6 t: (Equation 2)
When analyzing the different parameters of Equations 1 and 2
along the stem (see Figure S2), we predicted that the angle of
divergence between successive organs after stem elongation
in csi1-7 should be around 184 for counterclockwise stems
and around 90 for clockwise stems (Figure 2E). Because
these two predicted angles are in close agreement with the
angles measured in csi1-7 and csi1-1, we conclude that the
two phyllotactic patterns observed in csi1-7 and csi1-1 are
consistent with a rotation of the stem induced by right-hand
twisting.Stem Torsion in the csi1 Mutants Is Related to Cellulose
Synthesis Defects
To gain insight into the origin of the torsion in the stem in csi1,
we examinedmicrofibril orientations using the Pontamine Fast
Scarlet 4B dye. This dye has been used to reveal the orienta-
tion of cellulose fiber bundles in Arabidopsis roots [15]. To
examine microfibrils, we imaged hypocotyls, because these
organs also twist in csi1 (Figure S2E; [8]). In the wild-type,
transverse fiber orientations were observed in elongating cells
of 6-day-old hypocotyls. In contrast, the signal was more
chaotic, and the labeled fibers were significantly more tilted
in corresponding cells in csi1-7 (Figure 3A). The bias in fiber
angle was the opposite handedness of that of the stem,
consistent with the contribution of cellulose orientation in the
mechanical anisotropy of the cell wall and anisotropic growth
(Figure 3C; [1]). To confirm these results, we also analyzed
CESA behavior in wild-type and csi1-7 hypocotyls [6, 8]. The
CESAs normally moved in linear trajectories at the plasma
membrane in the wild-type (Figure 3B). The trajectories were,
Figure 2. The Phyllotactic Pattern of csi1-7 Results from Stem Torsion
(A) Scanning electronmicroscopy image of wild-type and csi1-7 stems: a subtle torsion in the orientation of cell files on the epidermis can be observed in the
mutant (symbolized by the orange line).
(B) Distribution of torsion-angle frequency in wild-type and csi1-7, based on the measurement of orientation of cell files in the epidermis in different inter-
nodes of elongated stems (Col: n = 1,200, 20 stems; csi1-7: n = 1,171, 20 stems; bilateral Student’s test different from 0, p < 0.001).
(C) Trigonometric representation of the parameters controlling the rotation of the stem induced by torsion.
(D) Correlation between internode length and angle of divergence between successive siliques in single clockwise or counterclockwise csi1-7 plants.
(E) Prediction of the angle of divergence taking into account the rotation of the stem induced by torsion for a constant torsion, an estimation of the thickness
as a linear variable, and the mean value of internode length measured at each internode (error bars represent SEM, a = 0.05).
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897however, less straight in the csi1-7 mutant and resembled
what we observed using the Scarlet 4B stain (Figure 3B).
Although we were unable to stain Arabidopsis stems with the
dye, perhaps due to the presence of a thick cuticle, the skewed
microfibril pattern and the twisting cell files in hypocotyls are
consistent with the observed stem torsion in csi1-7.
An implicit prediction from the mechanical models is that a
lower density, or perhaps length, of fibers should reduce
twisting [11, 12]. To test this, we reexamined the phenotype
of the prc1-1 mutant, which holds a mutation in the primary
wall CESA gene CESA6 and has reduced cellulose content
[16, 17]. Interestingly, contrary to the wild-type, which ex-
hibited a minor torsion of 0.5, stem torsion was closer to
zero in prc1-1 (mean 0.2, nonsignificant compared to 0 but
different from wild-type) (Figure 3D). Accordingly, no defect
in phyllotaxis could be detected in prc1-1 (Figure 3E). Next,
we crossed csi1-1 with prc1-1, reasoning that decreased cel-
lulose content could reduce stem twisting and perhaps rescue
the phyllotaxis phenotype. Indeed, the prc1-1 mutation was
able to rescue most of the torsion defects observed in
csi1-1; we measured a mean torsion of 0.4 on csi1-1 prc1-1
stems versus 2.2 in csi1-1 (Figure 3D). Consequently, the de-
fects of phyllotaxis were also rescued in the csi1-1 prc1-1 dou-
ble mutant leading to the reappearance of a unique peak of
divergence angle at circa 137 (Figure 3E). These genetic
data support our analysis in the hypocotyl and demonstrate
that the csi1 stem torsion and phyllotaxis phenotypes are
related to cellulose synthesis.
If the relation between cellulose synthesis, stem torsion, and
phyllotaxis is true, modulating the parameters of Equation 1
should lead to intermediate phenotypes. To test this predic-
tion, we introgressed the bot1-7 katanin loss-of-functionmutant into csi1-7. The kataninmutants exhibit reducedmicro-
tubule severing activity that leads to major growth defects
(Figures S3A–S3B; [18–22]). Torsion was slightly reduced in
bot1-7 csi1-7 with an average angle of 2.3 (SD 0.34) when
compared to csi1-7 (Figure S3D). Based on Equation 1, and
because internodes are shorter and the stem thicker in
bot1-7 csi1-7 than in csi1-7, we estimated that this torsion is
inducing a rotation of the stem of 15 (SD 3.02) (Figures
S3E–S3H), consistent with the observed broad peak in the
bot1-7 csi1-7 distribution of frequency (Figure S3C, bottom
panel). Interestingly, the bot1-7 mutant also displayed stem
torsion, and the resulting bimodal phyllotaxis could also be
entirely explained by the parameters of Equation 1 (see
Figure S3).
Discussion
Our study describes a chain of events that links a molecular
defect, the reduced interaction between CESA and cortical
microtubules, to an architectural defect, a postmeristematic
bimodal phyllotaxis. This work also illustrates how a robust
mathematical pattern can be modified by growth and can
produce an equally robust new pattern. In the case of phyllo-
taxis, the modification of three growth parameters (stem tor-
sion, stem thickness, and internode length) was sufficient to
generate a novel postmeristematic phyllotactic pattern. Inci-
dentally, our study also shows that the initial pattern of organ-
ogenesis in the meristem does not depend on CESA guidance
by CSI1.
In many twisted mutants, it has been proposed that twisting
organs are the result of a change in the orientation of cortical
microtubules that would lead to a modification of the
Figure 3. The Torsion-Induced Pattern of Phyllotaxis in csi1 Is Related to Cellulose Synthesis
(A) Six-day-old hypocotyl cells in wild-type and csi1-7 mutants stained with the Pontamine Fast Scarlet 4B dye (scale bars represent 5 mm).
(B) CESA trajectories in elongating cells in etiolated Col and csi1-1 hypocotyls. Time averages of 100 images taken 10 s apart are shown. Note the tilted and
wavelike behavior of the tracks, which we often observed in csi1 mutant.
(C) Quantification of the orientation of the cellulose fibersmarkedwith the dye inCol (n = 420; i.e., 30 angles in 14 cells from 5 hypocotyls) and csi1-7 (n = 330;
i.e., 30 angles in 11 cells from 5 hypocotyls).
(D) Distribution of torsion frequency based on the measurement of cell-line orientation in csi1-1 (n = 675, 15 plants), prc1-1 (n = 886, 15 plants), and csi1-1
prc1-1 (n = 730, 24 stems, bilateral Student’s test different from 0, *p = 0.015, ***p < 0.001).
(E) Heatmap distribution of the frequency of the (dn, dn+1) pairs of successive angles showing a single peak around 137
 for prc1-1 and the doublemutant and
a bimodal distribution in csi1-1 (csi1-1, n = 539, 20 plants; prc1-1, n = 523, 20 plants; csi1-1 prc1-1, n = 730, 24 plants).
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898orientation of the deposition of the cellulose microfibrils by the
cellulose synthase complex and therefore induce torsion
[23–26]. The analysis of the csi1mutant provides an alternative
scenario. We propose that the deposition of cellulose microfi-
brils at an angle to the elongation axis is favored in the absence
of microtubule guidance (see also [27] for an analogous situa-
tion in root hairs). A tilted microfibril orientation has been
shown to induce a torque at the single-cell level, when treating
the wall as an elastic material [11, 28] or a liquid material [12].
Our study suggests that the force causing the twist in cells is
large enough to give rise to torsion of the whole stem. There-
fore, we conclude that the main issue with stem twisting is
not what is inducing it, because stem twisting can occur by
default, but instead what is maintaining the stem straight in
the wild-type.
It still remains unclear why csi1 stems are exclusively right
handed. This might be related to the chirality of cellulose
microfibrils, whichmay induce a bias in theway successivemi-
crofibrils are arranged and tethered. It is also possible that the
proprioception mechanisms highlighted in a recent study [29]
may interfere and maybe even cause a bias in microfibril tilting
and in the chirality of stem torsion. Analogous to circumnuta-
tion, the helical movement of plant organs, the chirality of cel-
lulose microfibrils would bias the way the stem can be bent as
it grows and, in a feedback loop, bias cellulose microfibril
organization.
Cortical microtubule orientations are regulated bymany sig-
nals. Among them, thedirectionofmaximal stressmayserveasa directional cue [14]. Using a pressure vessel analogy, based
on the assumption that the epidermis is under tension, cortical
microtubules would orient circumferentially on a cylindrical
stem. Therefore, the anisotropy of mechanical stress might in
theory be sufficient to prescribe cortical microtubule orienta-
tions and thus the straight growth of the stem and, as a conse-
quence, the golden angles of the phyllotactic pattern along the
stem. That study [14] implicitly focused on the outer wall of the
epidermis; further work is required to investigate the relative
contributions of the different cell layers in this process [3, 30].
We believe that the results obtained in csi1may be general-
ized to other plants with twisted stems. In particular, we found
that the postmeristematic phyllotactic pattern in a spr2-2
mutant, which displays oblique cortical microtubule orienta-
tion and stem torsion [31, 32], is roughly similar to that of
csi1 (Figure 4). The diversity of phyllotactic patterns observed
in nature may actually be related to stem torsion. For instance,
the Convolvulus arvensis stem exhibits a torsion of about 10
that also twists the phyllotactic pattern (Figure S4). Beyond
such creeping plants with twisted stems, subtle stem torsion
has been observed in other species, too (e.g., Euphorbia
micracantha).Supplemental Information
Supplemental Information includes four figures, one table, and Supple-
mental Experimental Procedures and can be found with this article online
at http://dx.doi.org/10.1016/j.cub.2013.04.013.
Figure 4. The spr2-2 Mutant Exhibits Torsion-Induced Defects Similar to
that of csi1 Mutants
(A) Example of a spr2-2 stem showing an alternate pattern of phyllotaxis, in
comparison with the regular phyllotaxis in Col (scale bar represents 1 cm).
(B) Heatmap distribution of the frequency of the (dn, dn+1) pairs of successive
angles in spr2-2 showing a bimodal distribution similar to that of csi1 alleles
(29 plants, n = 935).
(C) spr2-2 stems exhibiting torsion in cell-file orientation in the epidermis
(scale bars represent 100 mm).
(D) Distribution of torsion frequency in spr2-2 based on the measurement of
cell-file orientations in the epidermis in different internodes of elongated
stems (n = 601, 10 stems).
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